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INTRODUCTION
Since 2008, juvenile Crassostrea gigas have suffered mass mortalities in all rearing sites along the French coast when seawater temperature exceeds 16°C [1] [2] [3] [4] [5] . Juvenile oysters (< 1 yr) are decimated at levels ranging from 40 to 100%, depending on locations and batches, whereas older animals are generally much less affected [2, 6, 7] . Although C. gigas mortalities have been mostly reported in France during this period, there have also been several cases in UK, Australia and New Zealand [1, [8] [9] [10] [11] [12] .
Results of diagnostic tests show that recent mortality events are associated with the detection of a particular genotype of the ostreid herpesvirus 1 (OsHV-1) named µVar [10, 13] . Notably, by 2009 the OsHV-1 μVar had fully replaced the reference OsHV-1 genotype in seed, presenting mortality at all French oyster production sites [14] . The role of OsHV-1 in oyster mortalities has been proven experimentally by intramuscular injections of viral suspensions prepared from naturally infected oysters [15] or by cohabitation between healthy and infected oysters [4, 16] .
To understand the pathogenesis of any disease, knowledge of the interactions between virus and host is critical [17] . Virus-host interactions generally result in immune responses against the invader, and in changes in the expression levels of host genes that favor virus replication.
However, few studies have been performed concerning the physiological response of oysters to herpesvirus. Most studies have investigated interactions of OsHV-1 and C. gigas at the transcriptional level using expressed sequence tags, RT-PCR, microarray chips, suppression subtractive hybridization or differential hybridization [18] [19] [20] [21] [22] [23] [24] [25] . Gene expression profiling was compared between oysters selected for resistance to summer mortalities (a phenomenon in which OsHV-1 reference was presumably involved) and susceptible animals [18] [19] [20] [21] 24] , oysters injected with OsHV-1 µVar and control animals [22, 23] , or field oysters exposed to
OsHV-1 µVar and oysters held in sanctuary areas [22, 25] . Therefore, many of these
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5 experimental studies were not designed for investigating the sole effects of OsHV-1 as other factors confound comparisons between studies or treatment groups. Also, despite the fact that these studies provide a first basis on the role of innate immunity, immunomodulation, stress response and reproduction in oyster infections [19] [20] [21] [22] [23] [24] [25] , little is known about the metabolic events associated with OsHV-1 infection in oysters.
In the present paper we have used for the first time a two-dimensional electrophoresis proteomic approach to identify metabolic pathways involved in OsHV-1 infection to provide a better understanding of virus-host interactions. We analysed the proteomes of oysters injected with OsHV-1 at different concentrations under controlled conditions. The proteins that were markedly up-or down-accumulated during OsHV-1 infection were identified using tandem mass spectrometry. Animals did not present any mortality or other symptom of disease prior to the experimental infection.
MATERIALS AND METHODS

Oysters
Experimental design
The experimental infection protocol has been described by Normand et al. [22] . Briefly, the oysters were anesthetized with MgCl2 (3/5 fresh water, 2/5 seawater with 50g/L MgCl 2 ) for 5
hours [26] and injected in the adductor muscle [15] with 100 μl inoculate that was considered either virulent (high load) or weakly virulent (low load), corresponding to 2.10 9 or 4.10 6 copies of viral genome injected, respectively (quantified by real-time PCR).
Inoculates were prepared by grinding 20 grams of fresh oyster flesh. The flesh was then diluted 40 fold in sterile seawater, and filtered three times on 0.1µm sterile membrane filters to remove bacteria before being injected into experimental oysters [15] . For the high-load inoculate, tissue originated from three live oysters collected from a broodstock where mortalities were occurring, whereas for the low-load inoculate, the tissue originated from animals collected in an area where no mortality had been reported (presumably healthy). A sub-sample of 1 ml from each inoculum was taken and frozen into liquid nitrogen for subsequent titration of genomic copies of OsHV-1.
After injection, oysters from challenged (high load) and control (low load) groups were divided into 2 × 3 batches of 40 injected oysters [22] . Each batch was randomly placed in a 20-L tank filled with 1-µm filtered seawater at 20°C with aeration, food supply and no seawater renewal.
At days 2 and 6 post-injection (dpi), 10 oysters were collected in each tank (n=30 samples per day and injection condition), opened and the entire flesh of each animal immediately frozen in liquid nitrogen for subsequent OsHV-1 analysis. At 2 dpi, before the onset of mortality in the high load treatment, challenged and control oysters were collected for proteomic analysis (n=5 specimen for each condition). Challenged oysters used for proteomic analysis were selected from tanks 1 and 2 whereas control animals were from tanks 4 and 5 (Table 1) .
Animals were selected based on their level of OsHV-1 DNA (the highest for challenged animals and the lowest for control ones). Mortality was monitored daily by counting dead and live individuals. Dead oysters were removed from the tanks.
Titration of OsHV-1 DNA copy number
Total DNA was extracted from inocula and oyster tissues as described for real-time PCR assay analyses [15] . The detection and quantification of OsHV-1 DNA copy number was carried out in triplicates using real-time PCR [27] with specific primers that amplified both [28] . The results were expressed as virus DNA copy numbers per ng total DNA. Standardization of OsHV-1 genomic DNA quantity was reached using DNA concentrations measured using an ND-1000 spectrophotometer (Nanodrop Technologies) at 260 nm with the conversion factor of 1 OD = 50 µg/mL DNA.
Total protein extraction from oyster tissues
To solubilize proteins, 5 ml lysis buffer (150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5 % Igepal, 1 tablet of complete EDTA free protease inhibitor cocktail in 25 ml of buffer, phosphatase inhibitor cocktail III) were added to 1 g of powdered tissue. Total proteins were then extracted as described elsewhere [29, 30] . For each lysate, the total protein content was quantified using a D C protein assay (Bio-Rad, Hercules, CA, USA)
with 96-well micro-plates (Nunc TM ) in a micro-plate reader (Bio-Tek® SynergyTM HT) and KC4 v3 software to compare results with a calibration curve of standard proteins (Bovine
Serum Albumin) provided with the D C protein assay kit.
Two-dimensional electrophoresis
For each sample, an equal amount (500 µg) of total protein lysate was precipitated and desalted [31] (one for each individual) was generated, spots were detected automatically and all spot volumes were normalized using built-in algorithms. After automatic spot detection, spot boundaries were manually edited and artefacts on the images removed. Normalized spot intensities were obtained for each spot on the images. A comparison was made between the spots on the two groups of 5 gels (high-load versus low-load).
In-gel digestion for mass spectrometry
Twenty-five Coomassie blue-stained spots of interest were excised from the SDS-PAGE and processed for trypsin digestion. Excised spots were washed twice with milliQ water and de- 
Database searches
MS/MS data files were used to query a protein database translated from the oyster genome [32] . Search parameters were as follow: one missed cleavage allowed, carbamidomethylation of cysteins set as fixed modification, methionine oxidation set as variable modification, 0.25
Da precursor tolerance and 0.5 Da fragment tolerance. Peptide identifications were accepted if the individual ion Mascot scores were above the identity threshold (an ion score f -10  log(p)
where p is the probability that the observed match is a random event). In case of ambiguous assignments (fit with more than one peptide), peptides were accepted based on the peptide score, meaning that the peptide sequence with the highest score was accepted and it did not matter if the protein was contained in the list. The matching of identified peptides to proteins was performed with the ProteinExtractor algorithm [33] , so that every protein reported was identified by at least one peptide with a significant ion Mascot score (above the identity threshold), that could not be mapped to a higher-ranking protein already in the result list. This means that the protein lists provided contain only those proteins and protein variants that could be distinguished directly by MS/MS. For every protein reported in the identification
list, a combined protein score (metascore) was calculated from the peptide scores using the ProteinExtractor algorithm. The calculated peptide mass and pI of the translated ESTs were evaluated on the UNIPROT website (www.uniprot.org). The data have been deposited to the ProteomeXchange with identifier PXD000905.
Statistical analysis
Two-way nested ANOVA was conducted to determine differences in the quantity of herpesvirus OsHV-1 DNA detected in oyster tissues, as a function of injection load of OsHV-1 (high vs. low), day post injection (2 vs. 6 dpi) and the interaction between factors. The term 'tank (OsHV-1 load)' was added in the ANOVA to investigate variations in the quantity of herpesvirus OsHV-1 DNA detected in oyster tissues among tanks within injection load. Then, one-way nested ANOVAs were conducted separately at 2 dpi and at 6 dpi to determine differences in the quantity of herpesvirus OsHV-1 DNA detected in oyster tissues as a function of injection load of OsHV-1 (Fig. 1, n=10 samples for each tank). Finally, one-way ANOVA was conducted to determine differences in the quantity of herpesvirus OsHV-1 DNA detected in oyster tissues sampled for proteomic analysis as a function of injection load of OsHV-1 (n=5 samples for each condition). Where differences were detected, least-squared means multiple comparison tests were used to determine which means were significantly different. Residuals were screened for normality using the expected normal probability plot and further tested using the Shapiro-Wilk test. Data on the quantity of herpesvirus OsHV-1 DNA were log (x + 1) transformed to obtain normality of residuals and homogeneity of variances (SAS 9.3, SAS Institute).
Differences in spot (protein) abundance were statistically evaluated after normalisation (p < 0.05), using the Progenesis Stats tool from the Progenesis SameSpots© software package (Prodigy ©).
RESULTS AND DISCUSSION
Infection and mortality
Oysters were injected with high load (challenged) or low load (control) inoculum of OsHV-1 µVar, and live animals were sampled 2 days and 6 days post-injection (dpi) for quantification of OsHV-1 DNA in whole tissues. Inoculum and time interacted in their effects on quantity of
OsHV-1 DNA detected in oyster tissues (ANOVA, p=0.0037). At 2 dpi, quantity of OsHV-1 DNA in challenged oysters was 10000 times higher than in that of control oysters which remained low (<100 cp ng -1 DNA, p<0.0001, Fig. 1 ). At 6 dpi, quantity of OsHV-1 DNA in control oysters increased up until reaching 1.09×10 5 cp ng -1 DNA, which remained 1.7 times lower than in challenged oysters (1.87×10 5 cp ng -1 DNA, p=0.008). Therefore, our results suggest that the level and the kinetics of viral infection in challenged oysters were markedly higher than those recorded in control animals. These differences between treatments were reflected in oyster mortality. For instance, mortality started at 3 dpi in challenged oysters and nine individuals out of 60 died at 6 dpi, whereas for control oysters, only one oyster out of 60 died after 6 days.
Therefore, in challenged oysters, there was an interval of 2 days between injection and the outbreak of mortality, which agrees well with a previous study [16] . This time interval may reflect the incubation period required for the virus to initiate an intense replication phase leading to irreversible cell damage and oyster mortality [16, 34] .
In our study, mortality was rather low (~15% at 6 dpi in challenged oysters) compared to ~80% at 4 dpi in Schikorsky et al. [16] . In our study, oysters were kept in a flow through system where seawater was renewed every 2 h, whereas in Schikorsky et al. [16] , oysters were kept in a closed system without seawater change. This result illustrates that disease mortality risk of susceptible oysters decreases with water renewal, reflecting dilution effects of viral particles in seawater [35] .
Proteomic signatures of viral infection
We analysed 10 proteomes (5 challenged vs. 5 control oysters, N=2 technical replicates for each analysis) obtained from individuals that exhibited contrasted infection status, as measured by their OsHV-1 DNA level (Table 1) . Figures 2A and B shows the representative gel images of whole flesh oyster proteome at 2 dpi injected with high and low load inoculum, respectively.
Analysis of 2-DE pattern revealed that 25 spots (Fig. 3 ) showed significant differences in response to the load of inoculum injected. These 25 spots were excised from gels, subsequently digested with trypsin and were all successfully identified using nano-liquid chromatography coupled with tandem mass spectrometry. Tables 2 and 3 show the list of the proteins that are down-and up-accumulated in infected oysters injected with high-load OsHV-1 inoculum at 2 dpi. Perfect matches were obtained between the apparent molecular weight of proteins in the 2D-gels and the calculated molecular weight (Tables 2 and 3) extracted from the genome annotation [32] . The results of mass spectrometry analysis are given in supplementary tables (Table S2 and S3). Based on the nature of the proteins identified in this work, we characterised key metabolic processes regulated during OsHV-1 infection in Crassostrea gigas.
Cytoskeleton disorganization
Challenged oysters showed lower amount of Annexin and Adenylyl cyclase-associated protein (CAP; spot #1), Dynein (spot #3), Actin (spot #4), α-actinin (spot #8), and Actin-2 and Debrin (spot #9) compared to control animals, suggesting that cytoskeleton remodeling capacity was altered by OsHV-1. Indeed, regulation of actin and microtubule cytoskeleton architecture and dynamics is important for cell shape and motility [36] [37] [38] , and is crucial in defining the life cycle of viruses [39] [40] [41] , particularly for herpesvirus [42] . More particularly,
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Overall, our results highlighted the key role of F-actin in the OsHV-1 life cycle, as already suggested by the over-expression of the talin2 gene in C. gigas infection in the field [25] . In fact, the cytoskeleton is modified during infection with viruses because it is used as a "highway" for virus trafficking within the cell [40, 44, 45] . Another transcriptomic study in C.
gigas infected with OsHV-1 suggest that reduced actin dynamics might be responsible for a decrease in adhesion and engulfing capabilities in haemocyte [23] .
Our results also show complex regulation of the intracellular trafficking between membranous organelles during OsHV-1 infection in the oyster, particularly between the endoplasmic reticulum and Golgi apparatus. Indeed, the Ras related protein RAB2 (spot # 24) and the selenium binding protein (SBP1; spot #20) were over-accumulated in challenged oysters, which indicate that intracellular trafficking to the Golgi compartment increased with OsHV-1 infection. Indeed, RAB is essential for transport from the endoplasmic reticulum to Golgi complex [46] and is necessary for viral movements within the cell [39, 40] , specifically in herpes viral infections [47] . Moreover, SBP1 over-accumulation leads to an increase in the late (docking and fusion) intra-Golgi transport [48] . In fact, in vertebrates, herpesviruses exploit several host compartments for envelopment [49] [50] [51] . Herpesvirus nucleocapsids assemble in the nuclei of infected cells and acquire an envelope by budding through the inner nuclear membrane. After budding through the inner nuclear membrane, the enveloped virions are infectious but final envelopment occurs by budding into a cytoplasmic compartment [52] .
The virus undergoes de-envelopment and re-envelopment steps during virus egress and its final envelopment is observed in the late Golgi compartment [52] . Indeed, the enveloped proteins of alphaherpesvirus accumulate in the Golgi compartment or in Golgi-derived vesicles [50] .
transport of luminal and membrane proteins from the trans-Golgi network (TGN) back to the endoplasmic reticulum [53] , was down-accumulated in challenged oysters. Similarly, expression of Vsp53, which belongs to the retrograde transport from the Golgi, decreased at the mRNA level in oysters infected in the field [25] . The retention of herpesvirus in the endoplasmic reticulum is known to prevent the maturation of virion envelopes, while the redirection of viral particles to the endoplasmic reticulum lead to decreased infectivity of mature virions [50] . Taken together, our results revealed that increased intracellular transport to Golgi and reduced retrograde transport from Golgi might be involved in the maturation of OsHV-1 infectious particles in infected oyster.
Dysregulation of protein turnover
The Ubiquitin fusion degradation protein (UFD; spot #2) was down-accumulated in challenged oysters compared to control animals, which suggest that ubiquitination was altered during OsHV-1 infection in C. gigas. UFD is directly involved in cytosolic protein degradation by ubiquitination and proteasome machineries [54] . In mice, modulation of ubiquitination is required for the efficient initiation of lytic cycle gene expression and the reactivation of latent virus [55] . The herpesvirus causing the white spot syndrome (WSSV) in the shrimp Penaeus japonicus modulates gene expression of proteins involved in ubiquitination, and may induce the degradation of cytokine signaling molecules responsible for the host immunomodulation [56] . In C. gigas, genes involved in ubiquitination are downregulated in OsHV-1 infected spat, and are likely involved in the early response to the pathogen [25] .
Cyclophilin C (CyC; spot #16) and elongation factor 1 α (EF1 α; spot #21) are involved in production of OsHV-1 proteins and were over-accumulated in challenged oysters. Indeed, viruses regulate cyclophilins that play a role in protein folding [57] to ensure an efficient
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16 production of virus polymerase [58] . EF1 α delivers tRNA to the elongating ribosome [59] and herpesvirus regulates the EF1 complex for accelerating or inducing the activity of translational machinery.
Induction of stress signals
Catalase (spot #1) and Glutathione-S-transferases A (spot #11 and 15) were downaccumulated whereas Extracellular Superoxide dismutase (Ec-SOD; spot #25) was overaccumulated in challenged oysters. Altogether, this indicates that ROS balance was modulated during infection with OsHV-1. Previous genome-wide expression profiling study of gonad tissue from resistant and susceptible oysters highlighted antioxidant defense as constitutive pathways that operate differentially between these two lines during the critical period preceding a summer mortality outbreak in which OsHV-1 was presumably involved [19, 21] . Moreover, we showed that Calponin-2 (spot #16, 17, 22, 24) was over-accumulated in challenged animals, which likely reflects an increase in cellular levels of ROS in infected oysters linked to a lower actin dynamics [60] .
Dihydropteridine reductase (DHPR; spot #12) was down-accumulated in challenged oysters.
In humans, a diminished expression of DHPR is a potent biomarker for hypertensive vessels [61] . Our result could indicate that endothelial cells are affected by the stress induced by
OsHV-1 infection.
Three aldehyde dehydrogenases (ALDH; spot #20) were over-accumulated in challenged oysters. This result might reflect an increased ability of oysters to clear toxic aldehyde substances during infection with OsHV-1. Aldehydes are strong protein-DNA cross linkers that inhibit DNA replication and macromolecule synthesis. They are highly reactive molecules capable of inducing deleterious effects on both the cellular and whole organism levels and their oxidation to less harmful carboxylic acid is catalyzed by aldehyde
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17 dehydrogenases (ALDHs) [62] . ALDHs are universally elevated by stress to protect against oxidative damage and, in humans, one mutation in an aldh gene is correlated with high prevalence of infection [63] . In shrimp, apart from its role in the detoxification process, the ALDH may have played a role as a cellular protector during host resistance to WSSV infection [64] . Moreover, ALDH was able to decrease WSSV replication at high temperature [64] . However, the precise function of ALDH in WSSV infection remains poorly understood.
In oysters, distinct gene expression level of aldh has been argued as a putative cause for differences between oysters selected for resistance or susceptibility to summer mortality, a phenomenon in which OsHV-1 was likely involved [19] .
Targeted signaling pathways
Low density lipoprotein receptor-related protein 6 (LRP6; spot #9) that belongs to the Wnt signaling pathway was down-accumulated in challenged oysters compared to controls. In humans, the Wnt signaling pathway is essential for cytomegalovirus replication, and small molecules, such as antibiotics, can interfere with LRP6 protein expression and inhibit cytomegalovirus replication [65] . Therefore, the use of antibiotics might reduce mortality of oysters exposed to OsHV-1.
The sarcoplasmic calcium binding protein (SCP; spot #6) was down-accumulated in infected oysters. SCP is an acidic cytosolic protein with calcium binding sites that function as a calcium buffer [66] . Intracellular Ca 2+ concentration is critical in the viral life cycle (capsid transport) and influences many host cell defense responses such as apoptosis [67, 68] . The down-expression of the gene scp was already observed in post-larvae of the shrimp Penaeus modon infected with WSSV [69] , and was revealed by 2-DE proteomic study in the stomachs of the shrimp Penaeus vannamei challenged with WSSV [17, 70] . Interestingly, the genome of OsHV-1 contains one ORF which encodes a cellular chloride ion channel (ORF 57) [71] that would allow the virus to modulate the host Ca 2+ homeostasis. Based on its role in ion regulation, it is likely that salinity would modulate OsHV-1 infection.
The Steroidogenic acute regulatory protein 5 (StAR; spot #12) was down-accumulated in challenged animals. Given that StAR is responsible for steroid biosynthesis [72] , it is likely that steroid metabolism was dysregulated in infected oysters. This result is reinforced by the down-expression of heat-shock protein HSP90 (spot #9) that we obtained in infected oysters. Indeed, HSP90 is a transcriptional factor that can interact with the cytoskeleton and is involved in signal transduction from a steroid hormone receptor [73] . Steroid hormones are involved in reproduction, inflammation, immune function, and water and salt balance [74] .
Evidence for a Warburg effect during infection with OsHV-1
Increased glycolysis and lypolysis
Compared to control oysters, challenged oysters showed a higher level of Triose phosphate isomerase (TPI; spot #15) a key glycolytic enzyme, and lower levels of Malate dehydrogenase (MDH; spot #2) and fructose 1,6-biphosphatase (Fru,-1,6-Pase; spot #2), two key enzymes involved in gluconeogenesis. These results suggest that OsHV-1 stimulated enhanced glycolysis in oysters. Similarly, shrimps infected with white spot syndrome virus (WSSV)
show an increase in accumulated protein levels in key glycolytic enzymes [17] and in their enzymatic activities [75] . Enhanced glycolysis is known to occur during viral infection in vertebrates, resulting from modulation of cellular signalling and stress responses in the host [76] . Taken together, these results agree well with the fact that carbohydrate level in oysters decrease dramatically during OsHV-1 infection [2, 3, 77] .
Challenged oysters also showed a higher level of the pancreatic triacylglycerol lipase (TL; spot #18), an enzyme involved in the first step of fat hydrolysis and digestion. Its overaccumulation likely reflects an enhancement of lipolysis during OsHV-1 infection. In support of this result, several studies report that triglycerides levels decrease markedly during OsHV-1 infection in C. gigas [2, 3, 77, 78] . Similarly, initial stages of WSSV infection were characterized by a decrease in triglycerides content in shrimp [75] .
Concomitantly, the Fatty-acid binding protein (FABPs; spot #4), an enzyme involved in fatty acid trafficking [79, 80] , was down-accumulated in challenged oysters compared to controls.
Interestingly, the mRNA level for fabp was significantly higher in oysters selected for resistance to summer mortalities, a phenomenon in which OsHV-1 was presumably involved, compared to susceptible oysters [18] . Taken together, our results suggest that OsHV-1 infection enhanced the first step of lipolysis but fatty acid trafficking and consequently β-oxidation remained unchanged. Therefore, lipids would not only be used for energy production of the host, but also for the synthesis of macromolecules that are used in virus assembly, as previously reported in human cytomegalovirus infections [81, 82] .
The pore-forming VDAC
The Voltage-dependent anion channel (VDAC; spot #23), a class of porin ion channel located on the outer mitochondrial membrane, plays an important role in mitochondrial membrane permeabilization (MMP) and can lead to cellular apoptosis and death [83, 84] . VDAC was over-accumulated in challenged oysters compared to controls. Several pathogens regulate MMP in their host cells to benefit their replication cycle, while in other cases, the host can use the same mechanism to combat pathogenesis [85] . In shrimp, over-accumulation of VDAC facilitates infection with WSSV whereas when the expression of VDAC was silenced, infection was delayed [17, 69, 75, 86] . Similarly in flounder Paralichthys olivaceus, vdac mRNA was upregulated in response to virus infection [69] .
The Warburg effect
The increased glycolysis and VDAC accumulation in challenged oysters resemble the
induction of a Warburg effect, which has been discovered in cancer cells [87] [88] [89] . The
Warburg effect is an abnormal increase in aerobic glycolysis related to the modulation of mitochondrial metabolism. Chen et al. [75] showed that at the early stage of WSSV infection, shrimp exhibited a Warburg-like effect (i.e. an abnormal glycolysis response for generating energy and metabolic precursors), whereas at the late stage of infection, shrimp showed increased MMP and oxidative stress [69] . Accordingly, they proposed that VDAC plays different roles at different stages of WSSV infection, i.e., induction of mitochondrial changes for production of energy and metabolic precursors for viral biogenesis at the early stage but enhanced MMP and apoptosis at the late stage [69] . In our study, the Warburg effect would favour OsHV-1 by providing cellular energy and building blocks during viral genome replication.
CONCLUSION
In the present paper, we have used a 2-DE proteomic approach to identify metabolic pathways Table 2 and 3 and details of the corresponding mass spectrometric data are given in the supplementary data. Mr: molecular marker.
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